Over the last few decades, miniaturization has become the key aspect of driving evolution of modern technology. The CO 2 laser is an inexpensive, flexible, and fast device for fabricating microfluidic chips. Thermal damages associated with such a process are considered the big challenge for microfluidic device developers. This article evaluates the quality of polymethyl methacrylate microchannels fabricated by the CO 2 laser. Experiments were conducted in the air (dry) and underwater by leaving a thin water layer on the top surface of the polymethyl methacrylate substrate. The effect of laser power and scanning speed on performance characteristics, such as the microchannel aspect ratio, surface roughness, and heat-affected zone was studied. Taguchi's experimental design with grey relational analysis was used for multiobjective optimization of the laser micromachining parameters. Analysis of variance was also employed to determine the most significant control factors that affect the microchannel quality. The results indicated that the cooling effect of the underwater method has a significant effect on decreasing the extent of thermal damage while increasing the aspect ratio. Laser power is the most significant factor on the performance characteristics followed by scanning speed and pulse rate. Grey relational analysis is efficient in selecting the optimum conditions regarding the performance characteristics.
Introduction
Lab-on-chip (L-O-C) devices are considered as key for miniaturization in analytical chemistry and medical applications. Polymer-based microfluidic chips are preferable for cell handling, DNA analysis, and clinical diagnostics due to their superior biocompatibility. 1 Polymethyl methacrylate (PMMA) is a functional material used for microfluidics. It is a common base material for high-resolution photoresists. 2 Moreover, PMMA substrates are compatible with a variety of subsequent bonding methods. Fabrication techniques of microfluidic chips can be divided into replication methods that are based on copying from one master pattern such as casting, injection molding, and direct laser ablation. 3 Replication methods are commonly used for mass production at low cost. In contrast, laser ablation methods offer greater flexibility for custom patterns. 4 CO 2 laser micromachining is a quick and inexpensive alternative method for the fabrication of microstructures in polymers. It is based on a photothermal effect due to the large wavelength of 10.6 mm. 5 During direct CO 2 laser ablation, the PMMA laser projected area is subjected to high temperature which melts and evaporates the material. Consequently, distortion and thermal damages occur in the form of bulges, clogging, and heat-affected zone (HAZ). 6 Overcoming such defects improves the microchannel accuracy which in turn enhances the fluid-mixing efficiency as well as the bonding quality of the PMMA substrate. Many attempts have been made to overcome such defects. Annealing the polymer parts at a temperature slightly below the glass transition temperature for at least 90 min avoided the stress cracks in the structure. 7 A novel approach to eliminate bulges around the rim of microchannel in PMMA substrate was introduced by adding cover layers of polydimethylsiloxane (PDMS) material during laser ablation. 8 Additionally, a stainless steel pinhole having a diameter of 50 mm reduced the height of bulges from 1.8 mm to approximately 0.4 mm and the channel width from 300 to 60 mm.
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The surface roughness of microchannels is an important criterion for many microfluidics applications. 10 In this regard, an unfocused laser beam method was proposed by increasing the focal length at a distance of 40 mm which reduced the surface roughness to less than 40 A°. 11 In addition, the surface roughness of microchannels was reduced from a few mm to tens of nm by etching PMMA substrate in a thermally heated solution made of around 23% acetone in ethanol solution after laser ablation. 12 However, acetone affects the transparency of the PMMA substrate. In further work, clogging in the intersection of PMMA Y-channel, as well as bulges, was eliminated by utilizing underwater CO 2 laser. Water acts as a medium that carries away the ejected molten particles from the ablation zone. 13 In a multivariate system like machining, the relationship between different process parameter can be ambiguous. For such cases, grey relational analysis was proposed by Deng 14 to simplify multiple response characteristics optimization problems into a single optimization grey relational grade. The grey relational theory provides an efficient solution to the uncertainty, multiinput, and discrete data problems. 15 Unknown and known information are represented, respectively, by ''black'' and ''white.'' The grey system has a level between black and white. This method compensates the shortage in the regression analysis. 16 In this article, Taguchi-based grey relational analysis undertaken for multi-performance characteristics of PMMA microchannels such as aspect ratio, surface roughness, and HAZ. Analysis of variance (ANOVA) performed to determine the most significant control factors, among laser power, scanning speed, and pulse rate, which affect the performance characteristics. Finally, a validation procedure was adopted to validate the test results.
Experimental setup
Dry and underwater laser micromachining of transparent PMMA substrate were carried out using a pulsed 30 W CO 2 laser (VLS 3.5; Universal Laser System, USA). Computer-aided design (CAD) program was used to draw the desired microchannels and determine the set of process parameters of laser power, scanning speed, and pulse rate. The laser system had a maximum scanning speed of 254 mm s -1 and 1000 pulses per inch (PPI). A 50-mm (2 in) lens was fitted to the laser machine for focusing its beam to an average spot diameter of 130 mm at a focal distance of 50 6 2.5 mm. The PMMA substrate of a thickness of 3 mm was submerged in water as shown in Figure 1 . The water level was selected based on preliminary tests which adjusted to be 300 mm above the substrate during laser ablation. The higher water level, the more laser power required for water evaporation, and the highest channel aspect ratio can be obtained. A commercial nonionic detergent, which can be used as a surfactant agent, was added to the distilled water at a concentration of 7% in order to reduce the contact angle between water and PMMA substrate from 70°to 17°. This prevented the water breaking into droplets during laser ablation and ensured precise water level, as shown in Figure 2 . Meanwhile, water with low contact angle can easily drop away from the aluminum pocket when water level exceeds 300 mm. After underwater laser micromachining, the substrate is washed in ethanol for 15 min using ultrasonic paths in order to remove any adherent particles.
The surface roughness, channel depth, and channel width were measured using a 3D profile measurements laser microscope (KEYENCE VK-x100). The surface roughness (Ra) was measured along the bottom of the microchannel; the channel width was checked at the top surface. A MarVision MM320 Microscope was used to measure the HAZ width from one side of channel rim. High aspect ratio (depth-to-width) of a microchannel is recommended for life science application that allows the combination of cell screening action and high fluidic throughput in continuous flow systems. 17 The laser power was varied from 1.8 to 5.4 W at a scanning speed ranging from 5 to 20 mm/s. The pulse rate was set at 1000 PPI. These values were selected to study the effect of laser power and scanning speed on the microchannel geometry, HAZ, surface roughness, and microchannel quality. Each set of parameters was conducted three times and then the average measurement was considered. The ambient temperature was fixed at 22°C using air conditioner.
Results
From Figures 3 and 4 , the aspect ratio, respectively, rises and falls with both increasing laser power scanning speed for dry and underwater conditions. Water absorbs a portion of laser power due to evaporation which reduces the width of the microchannel in comparison with the dry case, while the remaining laser power, at the center of laser spot diameter, is utilized for micromachining.
The high-temperature gradient for the PMMA substrate occurring during laser ablation in the air is due to low heat capacity of PMMA, as well as its high absorbance, of about 0.92, for infrared light. 18 A HAZ is then generated around the microchannel rim, as shown in Figure 5 . From Figure 6 , the HAZ width increases at high laser power for both dry and underwater cases. However, the underwater case shows lower HAZ, compared to air, because water has heat convection coefficient that ranges from 500 to 1000 W/m 2 K, while for air it ranges from 10 to 100 W/m 2 which means that the heat convection in water is 2-3 times higher than that of air. 19 Figure 7 shows that the surface roughness increases with higher laser power. Underwater case exhibited its effectiveness in reducing surface roughness: water cools the ejected molten particles rapidly and prevents them from re-solidification in the ablation zone.
Multi-objective optimization

Taguchi design of experiment
Taguchi method was used for the design of experiments (DOE). The selection of an appropriate orthogonal array (OA) for experiments depends on the number of factors and interactions between them, the number of levels for each factor, and cost limitations. Three factors: laser power, scanning speed, and pulse rate were selected; the interaction between them was neglected. Each factor has three levels which account for 2 degrees of freedom, making a total of 6. Therefore, L9 (OA) was used since it has 8 degrees of freedom which are greater than 6. The experimental results showed that increasing scanning speed and decreasing laser power enhance the performance characteristics. For multi-objective optimization, the levels of laser control variables were selected close to 20 mm/s and 3 W, while the pulse rate was varied between 800 and 1000 PPI. The three selected levels of the control variables are listed in Table 1 . The experimental conditions for laser factors using L9 (OA) together with the measured values of channel depth, width, surface roughness, and HAZ are given for both underwater and dry cases, in Table 2 .
Grey relational analysis
Experimental results (aspect ratio, surface roughness, and HAZ) were first normalized in the range from zero to one that is called ''grey relational generation'' as shown in Table 3 . Depending on the characteristics of the data sequence, there are three different approaches for the analysis of the normalized values, that is, the ''higher-the-better,'' the ''smaller-the-better,'' and the ''nominal-the-better. '' 20 The ''higher-the-better''
The ''smaller-the-better''
where
is the smallest value of X 0 i (k), and X 0 i is the desired value. In the current analysis, the ''higher-the-better'' was selected for the aspect ratio, while the ''lower-the-better'' was adopted for both surface roughness and HAZ.
The comparable sequence was computed for higher and smaller values from equations (1) and (2), respectively, as given in Table 3 .
The grey relational coefficient j i (k) for the kth performance characteristics in the ith experiment set was calculated using equation (3) . 16 It represents the relationship between the ideal and actual normalized experimental results
where D 0i denotes the deviation sequence which means that absolute value of the difference between X 0 i (k) and
where X Ã 0 (k) donates reference sequence. j is the distinguishing coefficient that take a value between zero and unity depending on the system requirement. In general, Table 4 lists deviation sequence, calculated from equation (4) . The grey relational grade g i , that is the average of grey relational coefficient for all performance characteristics, was calculated using equation (7) . It indicates the level of correlation between the reference and comparability sequences. Table 5 presents the grey relational coefficients and grades. The response table of Taguchi method, shown in Table 6 , was employed to calculate the average grey relational grade for each factor level by averaging the relational grade of each level for each factor. 21 Figure 8 shows the influence of laser parameters on multiple performances for both underwater and dry cases
ANOVA
The ANOVA analysis in Table 7 was used to determine which process parameter has the most influence on multiple quality characteristics. 
Validation test
A validation test was conducted to verify the improvement of the performance characteristics using the selected combination of optimum level. 22 The estimated grey relational gradeĝ was calculated according to equation (8) 
where g m denotes the total mean of grey relational grade, g j is the mean of the grey relational grade at the optimum level, and q is the number of process parameters. According to Table 6 , the optimum combination of process parameters was A1B2C2 for both underwater and dry cases. Therefore, the estimated grey relational grade for both cases is 0.6300 and 0.6729, respectively, which is close to the experimental results of Table 5 . Table 8 illustrates a comparison between selected initial levels (A2B1C2) and optimal levels (A1B2C2) for each case.
Discussion
As indicated in Table 2 , underwater CO 2 laser micromachining has a significant effect in reducing surface roughness and HAZ because water carries away the ejected molten particles and prevents them from resolidification on the ablation zone. Moreover, water cools the ablation zone rapidly as it has a higher heat convection coefficient than air. 19 Lower surface roughness and HAZ are essential for improving the quality of microchannel while higher aspect ratios are needed. 17 Applying grey relational analysis shows that experiment number 2 has the highest grey relational grade for both underwater and dry cases, with values of 0.6921 and 0.6931, respectively, as illustrated in Table 5 . Thus, the second experiment gives the best multi-performance characteristics among the nine experiments. Table 6 and Figure 8 show that A1, B2, and C2 are the largest values of grey relational grade for factors A, B, and C which are 0.5895, 0.5815, and 0.5514, respectively, for the underwater and 0.6244, 0.6239, and 0.5955, respectively, for dry cases. Therefore, A1B2C2 (3 W, 20 mm/s, and 900 PPI) is the optimal parameter combination for laser micromachining. The response Table 6 of Taguchi method, shows that the most significant factor is laser power followed by scanning speed and pulse rate where the difference between the maximum and the minimum of factors takes the values of 0.0705, 0.0661, and 0.0111, respectively, for underwater and 0.0731, 0.0679, and 0.0260, respectively, for the dry case.
The results of ANOVA for the grey relational grade are displayed in Table 7 . For both underwater and dry cases, the laser power is the most significant parameter followed by scanning speed and pulse rate. This means that the results of the grey relational grade are compatible with that of ANOVA. Table 8 provides a comparison between selected initial levels (A2B1C2) and optimal levels (A1B2C2) for each case. The optimal level has a significant effect in improving surface roughness and HAZ width while the aspect ratio was reduced at this level. Improvement of the grey relational grade is the difference between the grey relational grade of optimal parameters and that of initial ones. This was calculated to validate the effectiveness of grey relational analysis for multi-objective optimization problems.
Conclusion
Increasing scanning speed and decreasing laser power have a significant effect in reducing thermal damage such as surface roughness and HAZ for both dry and underwater conditions. In contrast, a high aspect ratio can be obtained with increasing laser power at lower scanning speed. The cooling effect of underwater laser micromachining is an effective way of reducing the thermal damage and increasing the aspect ratio. The optimal laser micromachining parameters, determined for the multiple performance characteristics, indicate that laser power of 3 W, scanning speed of 20 mm/s, and 900 PPI are the optimum combination of process parameters for both underwater and dry cases. The laser power is the most significant factor on performance characteristics followed by scanning speed and pulse rate. The results of ANOVA match those of the response table for the grey relational grade. A test with the optimal levels of laser parameters was carried out in order to validate the effectiveness of the Taguchibased grey relational analysis.
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